Theory of local adaptation predicts that nonadapted migrants will suffer increased costs compared to local residents. Ultimately this process can result in the reduction of gene flow and culminate in speciation. Here, we experimentally investigated the relative fitness of migrants in foreign habitats, focusing on diverging lake and river ecotypes of three-spined sticklebacks. A reciprocal transplant experiment performed in the field revealed asymmetric costs of migration: whereas mortality of river fish was increased under lake conditions, lake migrants suffered from reduced growth relative to river residents. Selection against migrants thus involved different traits in each habitat but generally contributed to bidirectional reduction in gene flow. Focusing particularly on the parasitic environments, migrant fish differed from resident fish in the parasite community they harboured. This pattern correlated with both cellular phenotypes of innate immunity as well as with allelic variation at the genes of the major histocompatibility complex. In addition to showing the costs of migration in three-spined sticklebacks, this study highlights the role of asymmetric selection particularly from parasitism in genotype sorting and in the emergence of local adaptation.
Introduction
Understanding the mechanisms contributing to reproductive isolation during the onset of speciation is a fundamental question in evolutionary biology (Coyne & Orr, 2004) . Ecological factors such as habitat heterogeneity or prey-predator dynamics play a major role in the process of population differentiation, reproductive isolation and ultimately speciation (Rundle & Nosil, 2005; De Le on et al., 2010; Rosenblum & Harmon, 2011) . Although both pre-and post-copulatory processes have now been reported, the role of ecology in the formation and maintenance of reproductive barriers is still incompletely understood (Boughman, 2001; Coyne & Orr, 2004; Maan & Seehausen, 2011; Lackey & Boughman, 2016) . Particularly, local adaptation to ecological conditions and the resulting maladaptation of migrants (or hybrids) is a powerful process limiting gene flow (Hendry, 2004; Nosil et al., 2005; Eizaguirre et al., 2012a; Peterson et al., 2014) .
Two main conceptual perspectives regarding local adaptation exist: 'home vs. away' and 'local vs. foreign' (Kawecki & Ebert, 2004) . Whereas the former focuses on the fitness of a given genotype 'at home' and 'away', the latter compares the fitness of 'local' and 'immigrant/foreign' genotypes in a given habitat. Generally, local adaptation predicts higher fitness for the local genotype compared to that of immigrants and thus is expected to induce high costs on individuals migrating between ecologically contrasting habitats (Kawecki, 1998; Eizaguirre et al., 2012a) .
Local adaptation can be investigated with a focus on abiotic variables such as temperature (e.g. Eliason et al., 2011) , or overall ecological conditions (Fournier-Level et al., 2011) but also from a biotic perspective such as host-parasite interactions (e.g. MacDougall-Shackleton et al., 2002; Kawecki & Ebert, 2004; Hoeksema & Forde, 2008; Eizaguirre et al., 2011 Eizaguirre et al., , 2012a Lenz et al., 2013; Raeymaekers et al., 2013) . Indeed, parasites represent ubiquitous, diverse and strong ecological selective agents affecting host condition, immune functions as well as immune genes and ultimately Darwinian fitness (Hamilton & Zuk, 1982; Lively, 1999; Poulin, 2006; Kalbe et al., 2009; Eizaguirre et al., 2012b; Kaufmann et al., 2014) . As such, local parasite-mediated selection can act against locally maladapted migrant hosts, hence reducing gene flow among populations to ultimately culminate in speciation Karvonen & Seehausen, 2012) .
Even though host local adaptation is a common outcome of host-parasite interactions, it is mainly predicted if selection is spatially constrained and host gene flow limited (Kawecki, 1998; Lajeunesse & Forbes, 2002; Kalbe & Kurtz, 2006) . It is important to note that mechanisms and evolutionary trajectories underlying local adaptation and speciation seem to be system specific and generalizing patterns appears more and more complex (Rosenblum & Harmon, 2011; Feulner et al., 2015) . However, a recent review on several stickleback species pairs showed that precopulatory barriers appear to be essential early in the process of speciation, whereas more diverged systems need intrinsic postcopulatory reproductive barriers to complete incipient speciation (Lackey & Boughman, 2016) .
As part of the specific adaptive immune system acting against macroparasites, the major histocompatibility complex class II (MHC) has the potential for a strong role in local adaptation (Eizaguirre et al., , 2011 (Eizaguirre et al., , 2012a Eizaguirre & Lenz, 2010) . MHC class II genes encode for surface molecules, which present antigens derived from extracellular pathogens or parasites to T cells, leading to the activation of efficient, albeit costly, adaptive immune responses (Janeway et al., 2005) . Specifically, MHC allele pools can diverge rapidly between populations from contrasting habitats as a result of associations between habitat-specific MHC alleles and parasite species (Eizaguirre & Lenz, 2010) . Hosts carrying maladapted MHC genotypes in a foreign habitat are therefore expected to suffer from increased susceptibility to local parasites (Summers et al., 2003; Blais et al., 2007; Eizaguirre et al., 2009b Eizaguirre et al., , 2011 Eizaguirre et al., , 2012a Eizaguirre & Lenz, 2010) .
Similarly, habitat-specific differences in the expression of innate immune genes show that molecular phenotypes also contribute to the evolution of local adaptation (Lenz et al., 2013) . One could therefore speculate about the cellular phenotypes of the immune system that can be estimated by examining spleen weight -which significantly increases upon infection and by measuring the ratio of granulocytes (representing mainly the innate immune system) over lymphocytes (representing mainly the adaptive system) in this organ (Lefebvre & Mounaix, 2004; Kalbe & Kurtz, 2006; Roth et al., 2011) .
Whereas a number of experiments have focused on identifying patterns of local adaptation under laboratory controlled conditions (reviewed in Greishar and Koskella 2007), only a small number of studies were conducted in natura exposing the target host species to the natural spectrum of parasite communities (Rauch et al., 2006; Scharsack et al., 2007; MacColl & Chapman, 2010; Eizaguirre et al., 2012a; Stutz et al., 2015) . Several of these studies have revealed the existence of local adaptation to local parasite communities, but have not explicitly tested for the associated costs of migration. The use of field reciprocal transplant experiments also overcomes the shortcut of cultivating a low number of parasites species in the laboratory and permits to estimate the actual costs ensuing local maladaptation of migrants relative to residents in natural environmental conditions.
Three-spined stickleback (Gasterosteus aculeatus L.) represents an excellent study system to experimentally test for costs of migration in relation to parasite infections. Inhabiting marine and diverse freshwater habitats across the Northern hemisphere, sticklebacks are recognized for their rapid adaptive potential to colonize various habitats (reviewed in McKinnon & Rundle, 2002) . Contrasting parasite communities in different habitats has contributed to local adaptation and adaptive differentiation between stickleback populations (Kalbe & Kurtz, 2006; MacColl, 2009; Eizaguirre et al., 2012a; Konijnendijk et al., 2013; Feulner et al., 2015) . Sticklebacks from lakes and rivers in Northern Germany show limited gene flow, although they readily interbreed in the laboratory (Reusch et al., 2001; Kalbe & Kurtz, 2006; Eizaguirre et al., 2011) . Besides local adaptation at the MHC (Eizaguirre et al., 2012a) , assortative mating within ecotypes (Eizaguirre et al., 2011) and potential genetic incompatibilities between ecotypes (Kaufmann et al., 2015) have recently been identified. In this system, MHC allele pools differ between populations from different habitat types (Eizaguirre et al., 2011 (Eizaguirre et al., , 2012a . In addition, habitat-specific adaptation of the innate immune system might play a significant role in selection against migrants as individuals can evolve higher levels of innate immune responses when challenged with a relatively more diverse and virulent parasite community after migration into the lake (Kalbe & Kurtz, 2006; Scharsack et al., 2007; Lenz et al., 2013; Scharsack & Kalbe, 2014) . Such compelling evidence for habitat-specific local adaptation at the immune system strongly suggests the existence of direct migration costs, resulting in further competitive disadvantage of migrants facing healthy residents and ultimately contributing to reduction in gene flow.
In this study, we therefore aimed at directly investigating the costs of stickleback migration between lake and river habitats using a reciprocal common garden field experiment and focusing on fish survival, growth and parasite infection. The use of wild-caught juveniles in our experimental design enabled us to evaluate the impact of simulated dispersal in a realistic setting where individuals experience additive parasite infection resulting from early exposure within their habitat and late exposure to parasites after translocation, just as it would occur for natural migrants.
Materials and methods

Fish collection
Young-of-the-year three-spined sticklebacks were collected in October 2009 from the lake 'Grosser Pl€ oner See' (54°9 0 21.16″N, 10°25 0 50.14″E, Germany) and the river 'Malenter Au' (54°12 0 15.08″N, 10°33 0 41.90″E, Germany) using minnow traps and hand nets. The two sites are ca. 12 km apart and belong to the same drainage system (Reusch et al., 2001; Eizaguirre et al., 2011) . After capture, individuals were kept by population in the laboratory in two 190-L aquarium at similar densities, with constant freshwater and oxygen supply under standardized winter conditions (8-h day: 16-h night; 6°C). Individuals were weighed (AE0.1 mg) and measured (AE1 mm), and a spine was clipped for DNA fingerprinting and sex identification using sex-linked genetic markers (Griffiths, 2000) .
Experimental set-up
In March 2010, the fish were transferred to experimental mesocosms (1 9 0.25 9 0.6 m; length 9 height 9 width) located at the original sampling sites. We placed five mesocosms in each habitat for a total of 200 experimental fishes (100 per habitat). Each mesocosm contained 10 randomly chosen individuals (five males and five females) from each ecotype (i.e. N = 20 per mesocosm). Mesocosms were positioned at intervals of 10 m and at an approximate depth of 1 m in the middle of the river and similarly along the shoreline in the lake. The 5 mm mesh of the mesocosm allowed food items and intermediate hosts of various parasite species to pass through, whereas preventing fish from escaping. In addition, another partition inside the mesocosms separated males and females to prevent mating. During 15 weeks, each mesocosm was inspected weekly for dead fish, which were removed and sampled for later DNA fingerprinting. At the end of the experimental period, we dissected all remaining fish (n = 133, July 2010). Forty fish (10 from four different mesocosms) were collected and dissected each day for four consecutive days.
Dissections
Fish were euthanized by an overdose of tricaine methane sulphonate (MS-222; 1.5 g L À1 ), measured and weighed. Each individual was systematically screened for the presence and number of macroparasites: fish were inspected for both external and internal parasites on the skin, fins, gills, eyes, body kidney, liver, gut, urinary bladder, swim bladder, gall bladder and muscles. Details on parasite screening can be found in Kalbe et al. (2002) . The number of parasite taxa per individual (S), the Shannon diversity index (H 0 ) and an individual parasite index combining species-specific parasite load and community diversity were used to describe parasite infection (Clarke, 1993; Kalbe et al., 2002) . Spleens and head kidneys were also dissected out for immunological essays.
Immunological measurements
We calculated the splenosomatic index (spleen mass to body mass index, weighed to the nearest 0.1 mg) to estimate innate immune response to parasite infections (Lefebvre & Mounaix, 2004) . We additionally performed flow cytometric analyses of head kidney leucocytes following protocols developed for three-spined sticklebacks described in Scharsack et al. (2004) . In short, after isolating head kidney leucocytes in a cell suspension, the number of live granulocytes and lymphocytes was counted using a flow cytometer (FACSCalibur; Becton and Dickinson, Franklin Lakes, NJ, USA) and the CELLQUEST PRO v. 4.02 software. This allowed for the calculation of individual granulocytes to lymphocytes (G/L) ratios, where, for example, a relative low G/L ratio could represent higher levels of activation of the adaptive immune system in relation to the innate immune system.
DNA fingerprinting
Genomic DNA from spine samples (from initial measurements) and caudal fin samples (from dead and dissected fish) was extracted using the DNAeasy Blood and Tissue kit (Qiagen, Sussex, UK) following the manufacturer's protocol. All samples were genotyped for 12 polymorphic microsatellite loci combined into three multiplex PCR protocols (see Kalbe et al., 2009) to identify the fish at the end of the experiment. Furthermore, for survivors, we calculated a specific growth rate (SGR = 100*ln (final mass)/ln (initial mass)) corrected for mass at the beginning of the experiment (following Scharsack et al., 2007) .
MHC IIB genotyping
To identify individual MHC class IIB genotypes, we used reference strand-mediated conformation analysis (RSCA) optimized for sticklebacks as described in Lenz et al. (2009a) . We amplified the exon 2 of the MHC IIB gene, which encodes for the peptide-binding region of the MHC molecule. Duplication of MHC loci in the Gasterosteus aculeatus genome leads to strong linkage disequilibrium, creating sequence variant combinations segregating in stable haplotype blocks (Reusch et al., 2004; Lenz et al., 2009a) . We therefore later refer to MHC variants as MHC haplotypes. This MHC genotyping protocol has been used extensively in these populations Eizaguirre et al., 2011 Eizaguirre et al., , 2012b , allowing us to reliably obtain haplotype identity and sequence information for each individual.
Higher levels of MHC diversity in term of allele numbers or higher intra-individual allelic divergence can be selected to provide resistance to a more diverse parasite community (Wegner et al., 2003; Milinski, 2006; Lenz, 2011; Eizaguirre et al., 2012a) . We used allele number and the mean MHC genetic distance within an individual as measures of MHC diversity. The latter was calculated as the average pairwise amino acid p-distance between all sequence variants within an individual using the software MEGA6 Tamura et al., 2013) .
Statistical analyses
Statistical analyses were conducted using R statistical package (R Development Core Team, 2014) . Normality and homoscedasticity of model residuals were verified (respectively, Shapiro test and Bartlett test with a = 0.05) and tests were conducted accordingly. Mortality and MHC data were analysed on a complete dataset, using individual information from before the experiment started. On the other hand, body condition, immune response parameters and parasite load were obtained only from survivor fish.
Mortality
We assessed mortality between experimental groups using a generalized linear mixed effect model with mortality as dependent variable (coded as 0: live and 1: dead), migration treatment (Resident vs. Migrant), habitat of exposure (lake vs. river), sex and initial mass as fixed predictors. The replicated mesocosms were set as a random factor.
These analyses permit to test for the impact of natural migration in general and specifically in each habitat, rather than focusing on local adaptation -a known trait of those populations (Eizaguirre et al., 2012a, b) . The significance of each variable as well as the interaction between habitat of exposure and migration treatment was tested with type II v 2 based likelihood-ratio tests (based on a binomial distribution with logit function; glmer and ANOVA functions in R). To test for differences in mortality rates within each habitat, we additionally performed Pearson's v 2 tests with a P-value based on a Monte Carlo simulation (n = 9999).
Effects of migration on fish condition and immune system
We tested for the effect of migration on growth, body condition and immune relevant traits (log transformed splenosomatic index and log transformed G/L ratio) using linear mixed effect models. Individual condition factor was based on the residuals of the log-log regression between total mass and standard length including all individuals. The fixed predictors were migration treatment, habitat of exposure, sex and individual parasite index. Here as well, these analyses permit to test for the impact of natural migration in general and specifically in each habitat. Standard length was included only in the models on immune traits as calculations of growth and body condition already include individual standard length. Experimental mesocosm identity was set as a random factor. The 2nd and 3rd order interactions including migration treatment, habitat, and parasite load were implemented in the models. This is because we were particularly interested in trait differences between migrants and residents in each habitat and the role of parasite load in these phenotypic differences. As the aim of the study was to focus on fitness-related traits between residents and migrants within each habitat, the effect of ecotype of origin is not included but confounded in the interaction between habitat of exposure and migration treatment.
However, the pairwise differences tested with Tukey's honest significant differences method provide us with informative quantitative differences and allows to disentangle within-habitat effect from overall differences based on the ecotype of origin.
Differences in parasite communities between residents and migrants
To test whether parasite communities differed between migrant and resident individuals within and between habitats, we used a multivariate permutation analysis (PERMANOVA, adonis function in R) on a Bray-Curtis dissimilarity matrix based on log transformed parasite abundance. This nonparametric MANOVA partitions the variation in distance matrices among multiple variables. The model included habitat of exposure and migration treatment as fixed predictors and experimental mesocosm as a block factor, that is as a stratum. We identified the parasites contributing most to the difference between treatments using a similarity percentage test (simper function in R). We tested for the effect of simulated migration on individual parasite diversity (Shannon index) and parasite load using linear mixed effect models with migration treatment, habitat of exposure and MHC genetic distance (or individual allele number) as fixed predictors and experimental mesocosm as a block factor.
Linking MHC and macroparasite infection
Similarly, we investigated whether MHC IIB haplotype pools differed between individuals of lake and river origin using an analysis of similarity (ANOSIM function in R) on a Jaccard dissimilarity matrix based on the presence/absence matrix (Gower & Legendre, 1986) . We
identified the haplotypes contributing most to the difference between lake and river ecotypes using a similarity percentage test (simper function in R), to specifically single out haplotypes involved in local adaptation (Eizaguirre et al., 2011 (Eizaguirre et al., , 2012b . We examined whether selection at MHC IIB genes occurred by testing differences in MHC allele number, allelic divergence as well as in the MHC haplotype pool between dead and alive fish in each habitat by the end of the experiment. We used permutation analyses on the MHC dissimilarity matrix with migration treatment and mortality (alive vs. dead) as fixed predictors and experimental mesocosm as a block factor. The following analyses were performed on survivors only. To test whether MHC diversity and parasite diversity were associated, we used a Mantel test with 9999 permutations correlating two distance matrices based on MHC IIB haplotype matrix and the parasite abundance community matrix (mantel function in R). Mesocosm was included as a block factor, that is as a stratum.
Finally, to test for specific patterns of MHC-dependent resistance or susceptibility in a given habitat of exposure, we used generalized linear models with the number of parasites in infected fish as dependent variable (based on a Poisson distribution with log function), the absence/presence of the most common and divergent haplotypes (identified with the similarity analysis) and the habitat of exposure as fixed predictors. In these analyses, the ecotype of origin could not be included as a factor without achieving pseudoreplication, due to being confounded with the provenance of the specific MHC haplotypes. Due to nonindependent testing, we adjusted P-values for multiple comparisons using the false discovery rate (p.adjust function in R with 'fdr' method). Nine nonindependent tests were performed: three parasites were each tested in association with three haplotypes. We report the outcome of each statistical model with type II ANOVAs with Kenward-Roger correction for F-statistics and d.f. in linear mixed models (lmer or glmer, ANOVA and pbkrtest functions in R). Multiple comparisons were performed using Tukey's honest significant differences method (lsmeans function).
Results
Costs of migration on survival and fitness-related traits
We collected 133 living and 67 dead individuals of the 200 individuals initially introduced in the mesocosms. Mortality rate was higher in the lake (64%) than in the river (3%) habitat. Specifically, we found a significant interaction between habitat of exposure and the migration treatment (v 2 d:f:¼1 = 4.522, P = 0.03, Table 1 , Fig. 1 ): the mortality rate of river migrants in lake was significantly higher than the mortality rate of lake residents, whereas migration treatment was not significantly associated with mortality rates in the river.
Fish growth during the experiment was associated with fish sex (♀ > ♂, F 1,123.5 = 57.939, P < 0.001), and showed an interaction between habitat of exposure and migration treatment (F = 29.713, P < 0.001, Table 2 ): in both cases river fish (whether migrants or residents) grew more than lake fish (interaction: post hoc tests: All P < 0.001, Table S1 , Fig. 2a ). This suggests a river-specific trait of faster growth, as found in Scharsack et al. (2007) .
Body condition was influenced by fish sex (higher in males), habitat of exposure and migration treatment. Fish exposed to the lake habitat had a lower body condition than fish exposed to the river habitat (F 1,18.5 = 19.49, P < 0.001, Table 2 , Fig. 2b ). Overall, residents had higher body condition at the end of the experiment than migrants (F 1,123.9 = 4.9, P = 0.029, Table 2 , Fig. 2b ). Fig. 1 Mortality (expressed as the average proportion of dead fish AECI 95%) in lake and river stickleback ecotype in lake and river habitats. The mortality rate of river migrants was significantly higher than the mortality rate of lake residents (v 2 = 12.97, P = 0.0001). The solid line represents a significant difference between migrants and residents in the lake.
Differences in parasite community between migrants and residents
We identified 19 different parasite taxa. The average number of parasite species per fish was 5.93 (range: 1-11, Table S2 and Fig. S2 ). Individual parasite diversity and burden differed significantly between fish exposed to the two different habitat types, with higher diversity and burden in fish exposed to lake conditions (diversity F 1,13.5 = 40.84, P < 0.001; burden F 1,9.1 = 12.73, P < 0.01, Table S3 ). Relative mass change
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(c) (d) Fig. 2 Differences in individual traits in lake and river sticklebacks transferred in lake and river habitats. Lines connecting means within habitat represent significant differences between residents and migrants (Tukey's HSD, P < 0.05). Shown are least square means of the full models AE0.95 CI for (a) relative mass change, (b) relative body condition, (c) splenosomatic index and (d) granulocyte to lymphocyte ratio. Solid lines represent significant differences between migrants and residents.
Variation in parasite diversity (measured as the Shannon index) revealed an interaction between habitat of exposure and the migration treatment (F 1,110.6 = 5.198, P = 0.025, Table S3 and Fig. S3 ), indicating that differences in parasite diversity between residents and migrants were not the same between habitats of exposure. In the lake, river migrants had a lower parasite diversity compared to lake residents. In the river habitat, lake migrants had a higher parasite diversity compared to river residents (Fig. S3) , demonstrating the higher parasite diversity in the original lake population.
Interestingly, parasite communities differed between migrants and residents in both lake and river habitats (multivariate permutational analysis, P = 0.001; difference between lake and river residents R = 0.656, P < 0.001; difference between lake and river migrants R = 0.573, P < 0.001, Table S4 , Fig. 3 ). In addition, experimental migrants differed from residents within each habitat type (lake ecotype: R = 0.357, P < 0.001, river ecotype: R = 0.701, P < 0.001, Table S4 , Fig. 4 ), suggesting that parasite communities on the fish are not the simple addition of lake and river parasite communities in their respective habitats. The difference in parasites communities between migrants and residents was driven by three common parasites: the digeneans Cyathocotyle prussica and Diplostomum sp., common in the lake, and the monogenean Gyrodactylus sp., a
River in Lake
River in River Lake in Lake Lake in River Fig. 3 Nonmetric multidimensional scaling plot based on community matrices of parasite abundances. Represented are lake and river three-spined sticklebacks transferred in their own habitat or in a different habitat. The distance between two points represents the difference in the overall parasite community between two individuals. (NDMS: nonmetric multidimensional scaling axes). The length of the bold lines illustrates the extent of differences in macroparasite communities between lake and river residents and migrants. Fig. 4 Parasite load of three parasites (circles: Gyrodactylus sp., squares: Diplostomum sp., triangles: Cyathocotyle prussica) in the lake or river habitat for individuals carrying common divergent MHCIIB haplotypes (a) haplotype G, (b) haplotype A, (c) haplotype F. Shown are means of linear models (AESE). Solid lines highlight combinations with significant interaction terms (post hoc odds ratio, P < 0.05) and dotted lines nonsignificant terms (P > 0.05).
parasite found to be highly prevalent in the river. These species respectively contributed 12.9%, 10.8% and 8.3%, respectively, to the dissimilarity between parasite communities in migrants and residents.
Contrasting immune responses between migrants and residents
Relative spleen mass was associated with the interaction between habitat of exposure and migration treatment (F 1,121.5 = 4.06, P = 0.046; Table 2 ). Lake migrants in the river habitat had larger spleens (post hoc test: P < 0.001, Table S1 , Fig. 2c ), whereas no significant difference was found between migrants and residents in the lake habitat (post hoc test: P = 0.987, Table S1 , Fig. 2c) .
The granulocyte to lymphocyte (G/L) ratio was associated with the interaction between habitat of exposure and migration treatment (F 1,119.8 = 6.26, P = 0.014, Table 1 ). Migrants in the lake habitat had a lower granulocyte to lymphocyte ratio than lake residents (post hoc test: P = 0.029, Table S1 , Fig. 2d ), whereas no significant difference was found between migrants and residents in the river habitat (post hoc test: P = 0.931, Table S1 , Fig. 2d ). In addition, the relative proportion of granulocytes to lymphocytes, the G/L ratio decreased with parasite load over all experimental treatments (F 1,105.1 = 6.46, P = 0.013, Fig. S1 ).
Genetic variation at MHC
We detected 21 MHC haplotypes in the 187 individuals successfully genotyped: 11 haplotypes were lake-specific, seven river-specific and three were shared by fish from both ecotypes (Table S10 ). The shared haplotypes displayed differences in prevalence between ecotypes (Fig. S4) . The number of alleles per genotypes varied between one and five (median = 4). MHC IIB genotypes differed significantly between ecotypes in terms of haplotype pools (ANOSIM, R = 0.417, P = 0.001), individual allele numbers (v 2 d:f:¼1 = 4.091, P = 0.043) and allelic divergence (t = 2.55, P = 0.012), with significantly higher allelic divergence and allele numbers in lake fish compared to river fish (see Fig. S4 ).
An analysis of similarity identified the three haplotypes that contributed most to the difference between ecotypes in MHC IIB diversity: Haplotype G (16.1% contribution, So05.So11.SCX03, GenBank Accession Numbers DQ016402, DQ016404 and AJ230191), haplotype A (13.8% contribution, No13.No18, GenBank Accession Numbers AF395711 and AY687846) and haplotype F (11.9% contribution, No05, GenBank Accession Number AY687829). Even though both G and F haplotypes were shared between both fish ecotypes they differed in their abundance (G lake: 5.4%, river: 55.3%; F lake: 39.4%, river: 17.7%). The haplotype A was found only in the lake ecotype (prevalence: 48.4%).
We found no significant differences in MHC diversity (allele number and allelic divergence) between experimental resident and migrant from each ecotype at the beginning of the experiment (all P > 0.28, Table S6 ). Similarly, we did not find significant differences in MHC diversity or haplotype pools between dead and surviving residents and migrants in the lake (PERMANOVA, P = 0.708) or in the river (PERMANOVA, P = 0.273, Tables  S5 and S6 ).
Linking MHC IIB haplotypes and macroparasite infection
Overall, variation at the MHC IIB was tightly associated with variation in parasites communities (Mantel r = 0.162 P < 0.001). We tested associations between the three haplotypes contributing most to the differences in allele pools and the three parasite species contributing most to differences in communities between ecotypes. We predicted associations between local haplotypes and the load of local parasites to change signs depending on the habitat of exposure. Infection load of the digenean C. prussica and the eye fluke Diplostomum sp. depended on the interaction between the presence of common lake haplotypes (A and F) and the habitat of exposure (Diplostomum sp.: v 2 = 35.376, P < 0.0001; C. prussica: v 2 = 59.903; P < 0.0001, Fig. 4a ,c, Table S7 ). Fish carrying the haplotype A were more resistant to these two parasite species in the lake and whereas being more susceptible in the river habitat (all post hoc tests P < 0.005, Table S8 ). Furthermore, fish carrying the haplotype F were found to have lower levels of infections with C. prussica in the lake environment (v 2 = 12.026, P = 0.0005; Tables S7 and S8, Fig. 4c ). Higher infection rates by Diplostomum sp. and C. prussica were significantly associated with reduced body condition (e.g. Spearman correlation between growth rate and C. prussica: q = À0.27, P = 0.003 or Diplostomum sp.: q = À0.29, P = 0.003; Table S9 ).
Remarkably, we found that the infection load of Diplostomum sp. depended also on the interaction between the presence of the common river haplotype G and habitat of exposure, where the presence of this haplotype was associated with resistance in the river and susceptibility in the lake environment (v 2 = 26.99, P < 0.0001; Tables S7 and S8, Fig. 4a ). This suggests different host-parasite dynamics in the different habitat types. Noteworthy, this river haplotype was also associated with susceptibility with the river monogenean Gyrodactylus sp., whereas the lake haplotype A was associated with resistance to this parasite (Fig. 4b , Table S8 ).
Discussion
The overall goal of this study was to investigate how established local adaptation contributes to reducing
migration rates -a mechanism which could ultimately culminate in species divergence (Coyne & Orr, 2004) . Using a reciprocal transplant field experiment, we revealed strong selection against migrants in both river and lake habitats. Selection is asymmetric for the diverse traits investigated: whereas river migrants' mortality was high under lake conditions, lake migrants grew much less than river residents under river conditions. These patterns show that habitat-specific selection can be asymmetric for specific traits but overall contributes to bidirectional reduction of gene flow. Specifically focusing on parasite-mediated selection, we also found asymmetric patterns of immune response and clear evidence that different host-parasite co-evolutionary trajectories exist in the two populations investigated.
Costs of migration on survival and fitness-related traits
Asymmetric effects of migration on fitness-related traits were evident in this system with high immigrant mortality in the lake habitat (over 75% mortality rates for river migrants) and high overall survival rates in the river. Focusing on other traits such as estimates of individual vigour, however, we also show a general cost of migration on body condition and reduced growth of migrants under river conditions. Although only a treatment effect was found for body condition, a reduction in body condition can be seen for lake migrants in the river habitat compared to residents (Fig. 2b , difference of 200.6% between migrants and residents).
These results are consistent with the 'local vs. foreign' pattern of local adaptation, where resident fish have a competitive advantage over migrants in their habitats (Kawecki & Ebert, 2004) and which had been established in previous studies of this system (Scharsack et al., 2007; Eizaguirre et al., 2012a; Lenz et al., 2013) . In fish, life history traits such as growth are important as low growth and small size would reduce attractiveness in mate choice for both male and female migrants (Wootton, 1976; Milinski & Bakker, 1990) . Selection on those predictors of Darwinian reproductive success will prevent gene flow (Chellappa et al., 1995; Kalbe et al., 2009; Eizaguirre et al., 2012a) . Growth effects were clearly visible in the river habitat and is the likely results of selection for increased growth in river fish and strong selection against this ecotype in the lake habitat. Thus, both evolutionary history and ecological selection seems to play a role on local competitiveness of migrants against residents.
This suggests that even though parallel divergence is observed in multiple lake-stream systems, the underlying pressures may be system specific (e.g. Rosenblum & Harmon, 2011; Feulner et al., 2015) . Although previous studies in our system and others have shown a crucial role of parasites in limiting the gene flow between lakes and rivers (Scharsack et al., 2007; Eizaguirre et al., 2011 Eizaguirre et al., , 2012a Karvonen & Seehausen, 2012) , we acknowledge that other ecological forces could also be at play here and contribute to the phenotypic differences observed (i.e. water current or chemistry, other biotic factors such as predation) (Lackey & Boughman, 2016; Weber et al., 2016) .
Parallel reproductive barriers in lake-stream stickleback systems?
Many correlative and experimental studies on lakeriver divergence in three-spined sticklebacks exist, yet our understanding of the general processes is still incomplete (Lackey & Boughman, 2016) . Whereas traits are often parallel between lake-river systems, for example body size (Ravinet et al., 2013) , feeding morphology (e.g. Berner et al., 2010) , immune gene expression and parasitic infections (Wegner et al., 2003; Eizaguirre et al., 2011; Huang et al., 2016) , reproductive barriers seem idiosyncratic (reviewed in Lackey & Boughman, 2016) . In the present study, we show that selection against migrants can be asymmetrical and can be attributed to intrinsic ecotype differences as well as selection within each habitat against nonadapted types. Our results are consistent with recent findings from the Misty Lake system in Canada where strong selection against migrants was detected in the lake but not in connected streams (R€ as€ anen & Hendry, 2014) as well as from the Lake Konstanz system where similar results were found (Moser et al., 2016) .
In their review, Lackey & Boughman (2016) report that total reproductive isolation is often symmetric in stickleback pairs, despite premating isolation barriers being asymmetric across early divergent systems. Several lines of evidence suggest, whereas overall reproductive isolation is symmetrical, it can be mediated by selection on different traits in different habitats, making reproductive isolation asymmetric for the underlying mechanisms. This highlights the importance of extending integrative studies to diverse traits and reproductive barriers in speciation studies in general and in lake-river stickleback systems in particular.
Habitat-specific parasite communities lead to asymmetric infection levels between reciprocal migrants performing a reciprocal transplant experiment exposing wild-caught juvenile fish to different habitat types, we followed a realistic scenario where individuals dispersing most likely carry a habitat-specific parasite burden before dispersal. The two types of migrants differ in their parasite communities as well as they differ from the resident fish's parasite communities. This is the result of accumulation of different parasite communities in juveniles from lakes and rivers together with additional contrasting exposure to different species after migration, and of a generally higher infection level in the lake (Kalbe et al., 2002) . Exposure to the lake habitat increased the diversity of macroparasite infections in individuals from both fish ecotypes. River fish migrating into the lake habitat experienced high levels of infections when compared to river residents, potentially leading to the observed costs on growth and body conditions. Such increased costs reduce movement from river to lake. Reciprocally, lake fish migrating to the river habitat show increased parasite load, carrying the legacy of their birth in the lake habitat. Combined with the intrinsic higher growth rate of river fish, gene flow from lake to river habitat (including mate choice) is also likely to be low. All together, these differences show that habitat-specific selection can act on different traits but overall contribute to reduction of gene flow in both habitats.
Varying immune responses contribute to local competitiveness
Investigating immune phenotypes is a good proxy to evaluate the link between parasites and costs of migration. In our system, local host maladaptation to parasites led to a complex interplay of innate and adaptive immune responses in migrants. Lake migrants showed an increased activation of the immune system, associated with higher levels of parasite infections as suggested by the negative relationship between the granulocyte to lymphocyte ratio and individual parasite load. One of the possible mechanisms of response to pathogen infection is the proliferation of granulocytes in the head-kidney. Proliferating granulocytes leave this major immune organ to attack parasites (Scharsack et al., 2007) . We also found a lower proportion of granulocytes over lymphocytes in surviving river migrants. This might be due to selection for river fish with a relatively low level of innate immune response, as we showed that the cost of mounting an immune response induced associated fitness-costs (see also Bonneaud et al., 2003; Graham et al., 2011) . Those results also suggest varying parasite communities lead to population specific immune responses that contribute to varying host-parasite co-evolutionary trajectories further suggesting that despite innate immune responses are thought to be rather unspecific they can contribute to local adaptation (Tschirren et al., 2013) .
Maintenance of between-ecotype polymorphism at the MHC Major histocompatibility complex molecules represent an important element of the immune system, providing the potential for local host adaptation to contrasting parasite communities (Eizaguirre et al., , 2012a Eizaguirre & Lenz, 2010) . As a result of host-parasite coevolution, locally adapted MHC allele pools can lead to an optimal immune genetic makeup within each ecotype Eizaguirre et al., 2011 Eizaguirre et al., , 2012a . Habitat heterogeneity, together with host-parasite co-evolution, can favour specific resistance alleles in one habitat that may be neutral or even confer susceptibility within another with a contrasting parasite fauna (Hedrick, 2002; Eizaguirre et al., 2011) . Here, we show habitat-specific MHC haplotypes associated with resistance to local parasite in the habitat where both parasite species and haplotypes are present. On the other hand, the presence of the same haplotype is associated with susceptibility in the other habitat. We show this pattern for three common MHC haplotypes and two common parasite species. This pattern is unlikely to be due to main correlated differences in both parasite intensity and MHC haplotype frequencies between ecotypes as we observe differences in the associations between infection rates and MHC haplotype presence between habitats of exposure. The experimental design did not allow to disentangle between habitat-specific MHC haplotypes and the origin of the fish: alleles are mostly habitat-specific and as such present in only one population. Furthermore, although MHC is known to play a crucial role in local adaptation between lake and rivers, it is known that other habitatspecific genes could contribute to patterns of habitat-specific resistance and susceptibility to local parasite fauna. Nevertheless, local adaptation to parasite communities via the rapid evolution of immune genes (Eizaguirre et al., 2012b) can contribute to selection against migrants and can also lead to reproductive isolation.
Rapid selection of MHC allele pools is consistent with mechanisms of balancing selection maintaining MHC polymorphism within-population: Co-evolutionary dynamics can promote the maintenance of multiple genetic variants within a given population and thus allows for the recycling of alleles (Woolhouse & Webster, 2002; Bernatchez & Landry, 2003; Milinski, 2006; Eizaguirre & Lenz, 2010; Eizaguirre et al., 2012b) . Interestingly, some MHC haplotypes were associated with prevalence of several parasite species. Habitat-specific resistance to different generalist parasite species indicates that the exact same MHC haplotype can bind different parasite-derived antigens. Previous studies have found different haplotypes associated with resistance to Gyrodactylus spp., supporting the ideas of Red Queen dynamics acting on ecological time scale (Eizaguirre et al., , 2011 . It is important to note that our identification of Gyrodactylus and Diplostomum parasites performed at the genus level and could therefore incorporate different species or subspecies found at different densities in lake and river habitats. Genetic differences between parasites in different populations and habitat-specific arms races are therefore an alternative explanation for the ecotype-specific patterns between these parasites and MHC alleles. Nonetheless, the acquired adaptive response varied between populations but also between migrants and residents. We can postulate that by the time of exposure, resident fish already mounted a specific immune response against the parasites they already encountered whereas migrants have invested into mounting an immune response against new parasites. This cost of immunity might further contribute to lower survival of river fish in lake or lower growth of lake fish in the river.
Here, we studied only one river-lake population pair and it is possible that some of the observed patterns are unique to this system and contribute to the idiosyncrasy of reproductive isolation between lake and river stickleback ecotypes. Future studies should aim to overcome logistical challenges and investigate additional replicated population pairs in order to achieve a more general understanding of the specific costs of migration.
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